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Abstract—This paper investigates the negative impact of spatial
fading correlation in multiple-input multiple-output (MIMO)
relaying systems on the performance of energy beamforming.
Namely, a source and destination nodes equipped with multiple
antennas which have a general correlation structures and arbi-
trary eigenvalue multiplicities, exchanging information through
a dual-hop amplify-and-forward (AF) single antenna energy-
constrained relay. To facilitate longer-distance wireless power
transfer, the overall scavenged energy needs to be maximized.
Hence, the energy-constrained relay harvest energy from the
source radio-frequency (RF) signal through energy beamforming,
the harvested energy is then used to forward the source informa-
tion symbol to the destination. The time switching-based receiver
(TSR) along with the power splitting-based receiver (PSR)
protocols are examined in order to perform wireless information
and power transfer at the relay. To this end, tight closed-form
lower and upper bounds for the outage probability and ergodic
capacity are derived, and used to examine the throughput of
the delay-constrained and delay-tolerant transmission modes,
respectively. Numerical results supported by simulations manifest
the tightness of the presented analytical formulas. The effect of
several parameters like energy harvesting ratio, source transmit
power, number of antennas and spatial fading correlation on the
overall throughput is investigated. It is shown that increasing
the number of antennas could be used to improve the system
throughput or facilitate longer-distance wireless power transfer.
On the other hand, the ramification of spatial correlation on
the system throughput is also studied for arbitrary correlation
structure. Moreover, it is revealed that the performance of power-
splitting receiver outperforms the time-switching receiver at high
signal-to-noise ratio. Finally, simulation results for the case of
statistical CSI is also included for comparison purposes.
Index Terms—Amplify-and-forward relay, half-duplex relay-
ing, wireless power transfer, spatial fading correlation.
I. INTRODUCTION
TRADITIONAL wireless communication systems havea bounded feasible lifetime and necessitate continuous
battery replacement or recharging, which in addition to its high
cost, it could be unfavorable or occasionally not suitable. Thus,
energy harvesting methods, that depend on other physical
resources like wind and solar power, have drawn much interest
owing to their capability for prolonging the lifetime of com-
munication system devices. However, the resultant scavenged
power is unpredicted and strongly depends on the weather
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status, thus, negatively influencing the entire reliability of com-
munications. Consequently, simultaneous wireless information
and power transfer (SWIPT) is considered to control these
issues, where power scavenging is done via the transmitted
radio-frequency (RF) signals. However, it is presumed that the
receiver can harvest energy and decode information from the
same signal simultaneously [1]–[4].
Owing to practical circuitry restrictions, the receiver is not
capable of extracting symbols and harvesting energy from
the same signal. Therefore, several wireless information and
power transfer (WIPT) techniques have been investigated in
the literature (e.g., [1], [2]), more specifically, time-switching
receiver where the receiver alters with time between sym-
bol extraction and energy harvesting, power-splitting receiver
where the receiver divides the signal into two fractions, one
for symbol decoding and the other for scavenging energy, and
antenna selection receiver in the case of multi-antenna at the
transmitter, where a subgroup of the available set of antennas
is utilized to decode information and the rest is deployed for
harvesting energy. The optimal ratio (time switching, power
splitting or antenna selection) that results in the highest system
throughput is selected.
Lately, WIPT in the context of dual-hop relaying networks
gained a considerable amount of interest, where an interme-
diate node with restricted battery reserves that depends on
an exterior loading technique so as to support in conveying
the transmitter symbol to the receiver. The authors in [4]
analyzed the overall system performance of delay-constrained
and delay-tolerant transmission modes, for the case of amplify-
and-forward (AF) relaying networks with single antenna
nodes. The authors considered both the time switching-based
relaying and power splitting-based relaying protocols. The
authors in [3] investigated the performance of a decode-and-
forward (DF) relaying networks with single antenna nodes and
in the presence of multiple co-channel interferers at the relay,
where the wirelessly powered relay scavenges energy from
both, the transmitted information symbol and the multiple co-
channel interferers. The works of [4] and [3] were extended
in [5] for the case of nakagami-m fading channels, in the
presence of multiple co-channel interferers at the relay and
destination. The authors in [6] studied different power alloca-
tion mechanisms where multiple source and destination nodes
communicate with each other via an energy-constrained relay.
The performance of relay selection in wirelessly powered dual-
hop relaying networks is considered in [7], [8]. However,
most previous works are restricted to have single antenna at
each node and hence experience considerable obstacles. For
example, since power scavenging depends extremely on path
loss and multipath channel variations, WIPT systems have
2higher sensitivity to path loss and multipath channel variations
in contrast to the traditional information transceivers. Hence,
leading to an exceedingly small power transfer interval.
The main advantages of spatial diversity in WIPT networks
are twofold, it helps in confronting the significant impact
of multipath channel variations in addition to increasing the
harvested power through energy beamforming [1]. Hence,
providing a major enhancement to the overall system through-
put. In the traditional single link communication systems,
the performance of multiple-input multiple-output (MIMO)
networks with isolated and colocated energy harvesting and
information processing receivers have been considered in [9].
More recently, the authors in [10] and [11] investigated the
performance of energy-constrained user equipped with single
antenna communicating with an access point that have multiple
antennas, where energy is harvested from RF signal via energy
beamforming. In the context of dual-hop relaying networks,
the authors in [12] analyzed the outage probability and ergodic
capacity of an energy-constrained multiple antenna AF relay,
while the source and destination are equipped with single
antenna, the authors introduced several linear precoding and
decoding schemes using the power splitting-based protocol
at the multiple antenna relay receiver. The authors in [13]
addressed the security issues of SWIPT beamforming in AF
two-way relay systems, where an upper-bound solution is
proposed. In addition, beamforming designs for information
and energy cooperation in cognitive two-way relaying systems
is studied in [14]. Furthermore, in [15], the throughput of
wirelessly powered MIMO relaying with energy beamform-
ing is analyzed, where the outage probability and ergodic
capacity formulas are presented in closed-form. The authors
in [16] considered the performance of the special case of
exponentially correlated antennas at the relay, while the source
and destination are equipped with one antenna. To our best
knowledge, most previously published works on WIPT net-
works suppose uncorrelated fading antennas and the impact
of arbitrary correlation structure of the antennas on the overall
throughput of the system has not been thoroughly explored yet.
However, due to the realistic impairments of multi-antenna
wireless transceivers, correlations between antennas occur
because of the deployment of multi-antennas at the transmitter
and receive within a finite area, and likewise in the case of poor
scattering conditions and in the presence of restricted angular
spread. Whereas the deterioration in throughput because of
correlated antennas in the traditional multi-antenna dual-hop
relaying networks has been considered (see e.g., [17], [18]),
WIPT systems have more susceptibility to correlated antennas
as the harvested power from the transmitter depends greatly on
channel variations statistics. Therefore, analyzing the negative
effect of spatial fading correlated antennas on the throughput
of the system is of theoretical and practical significance.
The effect of arbitrary antenna correlations on the perfor-
mance of an AF relay system with one antenna and powered
wirelessly, with multi-antenna transmitter and receiver nodes
is explored in this paper. Here, the maximal ratio transmission
(MRT) information and energy beamforming at the source
and maximum-ratio combining (MRC) at the destination are
used to enhance the scavenged energy and the overall signal-
to-noise ratio (SNR). It is to be emphasized that both the
time switching based receiver (TSR) and power splitting-based
receiver (PSR) protocols are studied in this paper. These kind
of systems could arise in several practical cases where due
to size and complexity restrictions, the energy-constrained
relay is constrained to a single antenna. For example, when
communicating between two multiple antenna base stations
(likewise, multiple antenna base station and mobile user)
through a wirelessly powered single antenna relay node that
operates by a power scavenged from the transmitted radio-
frequency (RF) symbol via transmit beamforming.
The major contributions of the paper are outlined below:
1) Since the performance evaluation of the exact overall
SNR of the considered system is a demanding analytical
problem because of the correlation between the har-
vested energy through the source → relay (S → R)
SNR, relay → destination (R → D) SNR, in addition
to the existing antenna correlations at each multiple
antenna node. Therefore, to attain a closed-form formu-
las for the ergodic capacity and outage probability, an
analytically manageable end-to-end SNR upper-bound is
presented.
2) A unified closed-form outage probability formulas for
the suggested end-to-end SNR bound is proposed for
the general situation of arbitrary correlation structure at
the source and destination nodes. In addition, straight-
forward specific correlation structures are studied. These
bounds appear to be tight to the case with precise end-to-
end SNR. Moreover, the asymptotic outage probability
formula is derived, through which the attainable diver-
sity order is shown to be min (NT , NR).
3) A unified closed-form formulas for the moments of the
suggested end-to-end SNR bound is considered. These
formulas are used to derive closed-form expressions for
the ergodic capacity. Furthermore, a tight lower-bound
ergodic capacity formula is proposed. Note that all these
formulas are studied for the arbitrary correlation struc-
ture case, i.e., with arbitrary eigenvalue multiplicities,
and easier particular structures are also provided. The
presented bounds are tight over the whole SNR scale of
practical interest, and get accurate as the SNR and/or
number of antennas become large.
The framework of the remaining part of the paper is organized
as: In sec. II, the system and channel model are introduced.
In sec. III, we present the instantaneous overall SNR. The
statistical CSI case is introduced in sec. IV. In sec. V, a unified
expressions for the performance of the system is proposed.
Simulation results are shown in sec. VI. Lastly, we conclude
the paper in sec. VII.
II. THE SYSTEM MODEL
We study a cooperative amplify-and-forward (AF) single
antenna relaying network, where a multiple antenna source
node S equipped with NT antennas is communicating with
a multiple antenna destination node D equipped with NR
receiving antennas via a wirelessly powered relay node R
with one antenna as illustrated in Fig. 1(a). The coming
3presumptions are believed in this paper: 1) It is presumed here
that the source and the destination do not enjoy a direct linkage
because of the substantial shadowing and path loss. 2) A one
energy-constrained half-duplex relay node with single antenna
is presumed, i.e., communications consume two orthogonal
channels to occur between the transmitter and the receiver
since the relay node could not receive the symbols and re-
transmit them on the same frequency and at the same time
owing to the natural half-duplex limitations. 3) Fading chan-
nels are represented via quasi-static fading and stay fixed along
the transmission of one frame (block) time T , and fluctuates
in an independent and identical manner from certain frame to
the other. The first hop source → relay (S → R) channel is
represented by h1 which is a NT ×1 vector, while the second
hop relay → destination (R→ D) channel is represented by
h2 which is NR × 1 vector follow correlated Rayleigh fading
channel and distributed based on h1 ∼ CN (0, Σ) where
Σ = E
[
h1h
†
1
]
and h2 ∼ CN (0, Λ) where Λ = E
[
h2h
†
2
]
,
respectively, here E (·) is the expectation operator, and †
indicate the conjugate transpose operator. Notice that Σ and Λ
represents the correlated antennas at the transmitter (source)
and receiver (destination), respectively. In addition, perfect
instantaneous channel state information (CSI) for h1 and h2
are presumed to be present at the transmitter and receiver1,
respectively. 4) The relay node is wirelessly powered and
depends on the scavenged energy from the transmitted signal
in order to help in communications from the source to the
destination terminal.
This manuscript investigates the throughput of the time
switching based and power splitting based protocols, presum-
ing that the relay does not have outer power source and all
scavenged power from the received information symbol is
utilized by the relay to deliver the message to the receiver.
III. THE INSTANTANEOUS END-TO-END SNR
In this section, we present the end-to-end (overall) SNR for
the time switching-based protocol and power splitting-based
protocol. This is then utilized to assess the throughput of the
delay-constrained and delay-tolerant transmission modes.
A. Time-Switching Receiver (TSR)
Fig. 1(b) shows the time switching-based receiver (TSR)
protocol. At each frame (block) time T , where a particular
frame of symbols is sent from the transmitter to the receiver,
the relay node employs a portion α, with 0 < α < 1 of
the transmission time to scavenge power from the source
signal, where the scavenged energy is utilized to deliver the
source information symbol to the receiver. The rest of the
frame time (1− α)T is split into two identical parts, one to
transmit the information symbol to the relay, S → R, and
the rest to send the information symbol to the destination,
R → D. It is assumed that all scavenged energy during the
energy harvesting phase is utilized by the relay to forward
1For comparison purposes, the case of statistical CSI is considered in
section IV.
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Figure 1: (a) The half-duplex relay system model. (b) Time
switching-based protocol. (c) Power splitting-based protocol.
the information symbol to the receiver. The best (optimal)
solution for the harvesting time α that which attains the highest
throughput is hence chosen.
Throughout the energy harvesting phase, the received signal
can be written as [19]
yE =
√
PS
dτ1
h†1wTxE + nR (1)
where PS is the source power, d1 denotes the distance from
the source node to the relay node, with τ represents the path
loss exponent, xE denotes the energy symbol normalized to
unit power, wT denotes the source precoding vector, and nR
denotes the noise at the relay and it is modeled as complex
additive white Gaussian noise (AWGN) with zero mean and
variance of σ2.
After omitting the negligible energy scavenged from the
noise, it is simply seen that the relay transmit power
after αT harvesting time may be given as PR =
η αT(1−α)T
2
PS
dτ1
∣∣∣h†1wT ∣∣∣2 = η 2α1−α PSdτ1 ∣∣∣h†1wT ∣∣∣2, where η is the
energy conversion efficiency, and |·| denotes the absolute value
operator.
The received signal at the relay over the first-hop symbol
transmission phase is written as
yR =
√
PS
dτ1
h†1wTxS + nR (2)
where xS denotes the transmitted symbol normalized to unit
power.
The combined symbol at the receiver is given by
yD =
√
PR
dτ2
Gw†Rh2yR +w†RnD (3)
4where wR denotes the receive combining vector, nD denotes
the noise at the destination and is modeled by complex AWGN
with zero mean and a co-variance of σ2I , and G denotes the
channel assisted relay normalizing gain, and is written as [20]
G−1 =
√
PS
dτ1
∣∣∣h†1wT ∣∣∣2 + σ2. (4)
It is widely common that in the lack of interferers, MRT
power and information transmit beamforming and MRC at the
receiver are optimum precoding and decoding schemes since
they yield the highest end-to-end SNR. Therefore, with perfect
instantaneous channel state information (CSI) of h1 at the
source, the MRT transmit beamforming vector wT = h1‖h1‖ is
optimum for energy transfer [15]. Similarly, with perfect CSI
of h2 at the destination, the optimal MRC receive combining
vector is written as wR = h2‖h2‖ .
Therefore, from (3) and (4), it is straightforward to show
that the overall SNR for TSR is written as
γ =
γ1γ2
γ1 + γ2 + 1
(5)
where γ1 = γ1 ‖h1‖2 denotes the first-hop SNR, with γ1 =
ρs
dτ1
, ρs = PSσ2 , while γ2 = γ2 ‖h1‖2 ‖h2‖2 denotes the second-
hop SNR, with γ2 = η 2α(1−α)
ρs
dτ1d
τ
2
, and ‖·‖ is the euclidean
norm.
It is to be highlighted that evaluating the outage probability
and ergodic capacity of the end-to-end SNR in (5) is indeed
more demanding than that of the traditional self-powered re-
laying networks2. Note that the R→D SNR highly depends
on the S → R SNR (i.e., via γ2 = 2α(1−α) ηdτ2 ‖h2‖
2
γ1).
Therefore, due to the existence of high correlation between
γ1 and γ2, along with the sophisticated statistics of γ2 (i.e.,
γ2 = γ2 ‖h1‖2 ‖h2‖2), noting that the source and destination
have arbitrary antenna correlations, the mathematical evalua-
tions of such systems are demanding.
B. Power-Splitting Receiver (PSR)
Fig. 1(c) depicts the power-splitting receiver (PSR) for
WIPT, where P denotes the power of the received signal,
β with 0 < β < 1 is the factor of power that the relay
employs for scavenging power during the first half of the
transmission block time T/2. The rest power (1− β)P is
utilized to transmit the message to the relay node during the
first half of the transmission block time. All the scavenging
power from RF signal is used by the wirelessly powered relay
to forward the source information to the destination during
the second half of time. It is obvious that the selection of the
fraction β influences the overall system performance. Hence,
the best solution for the power fraction β that attains the
highest achievable performance is selected.
Employing the previous transmit (receive) beamforming
(combining) vectors for the MRT and MRC schemes in (5),
2The overall SNR for energy-constrained MIMO relaying networks in (5)
may be given as γ = γ1‖h1‖
4γ2‖h2‖2
γ1‖h1‖2+γ2‖h1‖2‖h2‖2+1 . Notice that the end-to-
end SNR for the traditional self-powered MIMO relaying networks is written
as [17, Eq. (8)] γ = ρ1‖h1‖
2ρ2‖h2‖2
ρ1‖h1‖2+ρ2‖h2‖2+1 , where ρ1 denotes the source
transmit SNR and ρ2 denotes the relay transmit SNR.
the received signal at the energy harvesting receiver may be
written as
yE =
√
βPS
dτ1
‖h1‖xS + nR. (6)
Hence, the relay transmit power after T/2 scavenging time
is written as PR =
η
(
β
PS
dτ1
‖h1‖2
)
T/2
T/2 = ηβ
PS
dτ1
‖h1‖2.
Consequently, the received message signal at the relay after
the PSR may be given as
yR =
√
(1− β)PS
dτ1
‖h1‖xS + nR. (7)
The combined signal received at the receiver may be ex-
pressed as
yD =
√
PR
dτ2
G ‖h2‖ yR + h
†
2
‖h2‖nD. (8)
It is to be emphasized here that the variable relay gain G in
the PSR can be written as
G−1 =
√
(1− β)PS
dτ1
‖h1‖2 + σ2. (9)
Therefore, the overall SNR for the PSR may be simply given
by
γ =
γ1γ2
γ1 + γ2 + 1
(10)
where γ1 = γ1 ‖h1‖2 denotes the first-hop SNR, with γ1 =
(1−β)ρs
dτ1
, while γ2 = γ2 ‖h1‖2 ‖h2‖2 denotes the second-hop
SNR, with γ2 = ηβ ρsdτ1dτ2 .
IV. STATISTICAL CSI
It is well known that MRT (MRC) beamforming (com-
bining) are optimal precoding (decoding) schemes as they
achieve the maximum end-to-end SNR [15] when no co-
channel interferers is present. However, the main challenge
for these methods is that they require perfect instantaneous
CSI at the transmitter (receiver). Therefore, in this case, part
of the system resources needs to be allocated for channel
estimation and feedback at the beginning of each coherence
time. Hence, imposing huge burden on the system complexity
and resources especially in fast fading channels. Consequently,
the long-term channel statistics, namely the channel covariance
matrices, is a reasonable option over the instantaneous CSI.
The main reason is that channel statistics vary over a much
longer time scale compared to the instantaneous channel, and
its estimation requires much less system resources as they stay
constant over very long time.
Therefore, in contrast to the previous section where perfect
CSI is presumed to be known at the transmitter and the
receiver, here, it is assumed that only the correlation matrices
Σ and Λ are known at the transmitter and the receiver,
respectively. The optimal source (destination) beamforming
(combining) vectors wT (wR) are designed based on corre-
lation matrices Σ (Λ). More specifically, the optimal beam-
forming (combining) vectors are the eigenvectors related to the
5strongest eigenmode of the correlation matrix Σ (Λ) [16]. The
eigen value decomposition of the matrices Σ = UTΨTU
†
T
and Λ = URΨRU
†
R. Therefore, we have wT = uT (Σ),
the eigenvector related to the strongest eigenmode of the
correlation matrix Σ, and wR = uR (Λ), the eigenvector
related to the strongest eigenmode of the correlation matrix
Λ.
Therefore, following similar derivations to (5) and (10), the
end-to-end SNR is expressed as
γ =
γ1γ2
γ1 + γ2 + 1
(11)
where γ1 = γ1
∣∣∣h†1uT (Σ)∣∣∣2 denotes the S → R SNR, and
γ2 = γ2
∣∣∣h†1uT (Σ)∣∣∣2 ∣∣∣u†R (Λ)h2∣∣∣2 denotes theR→D SNR,
while γ1 and γ2 are defined in (5) and (10) for TSR and PSR
respectively.
V. PERFORMANCE ANALYSIS
The performance assessment of the end-to-end SNR of
MRT/MRC beamforming/combining with arbitrarily corre-
lated antennas at the source and destination, and wirelessly
powered single antenna relay node in (5) for the TSR and in
(10) for the PSR is a demanding analytical problem owing to
the existence of high correlation between γ1 and γ2, along with
the sophisticated statistics of γ2, leave aside the presence of
arbitrary structure correlations within the transmit (source) and
receive (destination) antennas. Therefore, since a closed-form
performance measures are concern, the analytical tractability
for (5) and (10) needs to be simplified to gain a better insights
into the system performance. Hence, the end-to-end SNR in
(5) and (10) may be easily and tightly upper-bounded by3
γ ≤ γup = γ1γ2
γ1 + γ2
. (12)
Therefore, the end-to-end SNR upper-bound may be
straightforwardly simplified as
γup =
γ1γ2 ‖h1‖2 ‖h2‖2
γ2 ‖h2‖2 + γ1
. (13)
It is to be highlighted here that the asymptotic results of
(13) are accurate. Hence, the performances of the TSR and
the PSR are evaluated for delay-constrained and delay-tolerant
transmission modes, more specifically, accurate closed-form
outage probability and tight approximate and lower-bound
ergodic capacity formulas for the presented end-to-end SNR
upper-bound are derived, respectively.
The cumulative distribution function (CDF) and the prob-
ability density function (PDF) of the random variables (RVs)
‖h1‖2 and ‖h2‖2, with arbitrary correlation structures, may
respectively be written as [23], [24]
F‖h1‖2 (x) = 1−
%(Σ)∑
i=1
τi(Σ)∑
j=1
j−1∑
k=0
χi, j (Σ)
k!
(
x
α〈i〉
)k
e
− xα〈i〉 ,
(14)
3It is widely common in the traditional self powered dual-hop relaying
networks literature that the end-to-end SNR which is given as γ = γ1γ2
γ1+γ2+1
may be tightly upper-bounded by γ1γ2
γ1+γ2
(see e.g., [21, Eq. (6)]). In addition,
this upper-bound γ1γ2
γ1+γ2
could further be upper-bounded by min (γ1, γ2)
(see e.g., [22, Eq. (8)]).
and
f‖h2‖2 (y) =
%(Λ)∑
l=1
τl(Λ)∑
m=1
χl,m (Λ)
βm〈l〉Γ (m)
ym−1e
− yβ〈l〉 , (15)
where Σ denotes the transmit correlation matrix for h1 with
eigenvalues α1, α2, . . . , αNT in any order, % (Σ) denotes the
number of distinct eigenvalues of Σ, α〈1〉 > α〈2〉 > . . . >
α〈%(Σ)〉 denotes the distinct eigenvalues of Σ in decreasing
order, τi (Σ) denotes the multiplicity of α〈i〉, χi, j (Σ) is the
(i, j)
th characteristic function of Σ [23, Eq. (129)]. In a
similar manner, Λ denotes the receive correlation matrix for
h2 with eigenvalues β1, β2, . . . , βNR in any order, % (Λ)
denotes the number of distinct eigenvalues of Λ, β〈1〉 >
β〈2〉 > . . . > β〈%(Λ)〉 are the distinct eigenvalues of Λ in
decreasing order, τl (Λ) denotes the multiplicity of β〈l〉, and
χl,m (Λ) is the (l, m)
th characteristic function of Λ.
A. Outage Probability Analysis
This section investigates the outage probability of the end-
to-end SNR upper-bound for the arbitrarily correlated multiple
antennas at the source and destination that employ MRT/MRC
beamforming/combining diversity, and wirelessly powered
single antenna relay node. The SNR outage probability is
significant quality of service (QoS) measure and described as
the probability that the instantaneous end-to-end SNR γ drops
under a pre-determined SNR threshold γT 4, and is written as
Pout (γT ) = Pr (γ < γT )
= Fγ (γT ) (16)
where Fγ (·) is the CDF of the end-to-end SNR.
Next, an accurate closed-form formula for the outage prob-
ability of the end-to-end SNR upper-bound is presented. The
outage probability of the end-to-end SNR upper-bound is given
as
Fγup (γT ) = Pr
(
γ1γ2 ‖h1‖2 ‖h2‖2
γ2 ‖h2‖2 + γ1
< γT
)
. (17)
Proposition 1. A unified closed-form lower-bound outage
probability formula of multiple correlated antennas at the
source and destination which employ MRT/MRC beamform-
ing/combining, with arbitrary correlation matrices structure
(i.e., Σ and Λ have arbitrary eigenvalues) and wirelessly
powered single antenna relay node, may be derived as in (18),
shown at the top of next page , where Γ (·) denotes the gamma
function and Kv (z) denotes the modified bessel function of the
second kind of order v.
Proof: Please see Appendix A for the proof.
For the special case of exponentially correlated antennas,
i.e., when all eigenvalues are distinct with multiplicity of one.
4It is to be emphasized that in contrary to (16), the information outage
probability may be used which is given as the probability that the instan-
taneous mutual information, I = 1
2
log2 (1 + γ) drops under a pre-defined
rate of R0 bits per channel use. Notice here that the target SNR threshold in
this situation can be equally given by γT = 22R0 − 1.
6Fγup (γT ) = 1− 2
%(Σ)∑
i=1
τi(Σ)∑
j=1
j−1∑
k=0
χi, j (Σ)
k!
(
γT
α〈i〉γ1
)k
e
− γTα〈i〉γ1
%(Λ)∑
l=1
τl(Λ)∑
m=1
χl,m (Λ)
βm〈l〉Γ (m)
k∑
n=0
(
k
n
)(
γ1
γ2
)n
×
(
β〈l〉γT
α〈i〉γ2
)m−n
2
Km−n
(
2
√
γT
α〈i〉β〈l〉γ2
)
(18)
We have, % (Σ) = NT , τi (Σ) = 1, and % (Λ) = NR, τl (Λ) =
1. Hence, it is easily to prove that equation (18) simplifies to
Fγup (γT ) = 1− 2
NT∑
i=1
χi (Σ) e
− γTαiγ1
NR∑
j=1
χj (Λ)
×
√
γT
αiβjγ2
K1
(
2
√
γT
αiβjγ2
)
(19)
where χi (Σ) = αNT−1i
∏NT
k=1, k 6=i (αi − αk)−1 and χj (Λ) =
βNR−1j
∏NR
k=1, k 6=j (βj − βk)−1.
While in the simplest case of spatially uncorrelated (in-
dependent) antennas, we have all eigenvalues equal to one,
Therefore, % (Σ) = 1, τ1 (Σ) = NT , and % (Λ) = 1,
τ1 (Λ) = NR, where the characteristic function in this case
reduces to [24, Eq. (41)]. Hence, it is not difficult to show that
equation (18) reduces to
Fγup (γT ) = 1− 2e
− γTγ1
Γ (NR)
NT−1∑
k=0
1
k!
(
γT
γ1
)k k∑
n=0
(
k
n
)
×
(
γ1
γ2
)n(
γT
γ2
)NR−n
2
KNR−n
(
2
√
γT
γ2
)
. (20)
1) Asymptotic analysis: Even though proposition 1 presents
an efficient way for evaluating the outage probability, this ex-
pression is fairly cumbersome as it does not gain insights into
the system performance. Therefore, to validate and describe
the attainable diversity order of the considered system, the
end-to-end SNR could easily upper-bounded by
γ ≤ min (γ1, γ2) . (21)
Therefore, the asymptotic outage probability formula can be
expressed as
F∞γ (γT ) =
(
γT
γ1
)NT
(NT )!
+
(
γT
γ2
)NR
(NR)!
Γ
(
NT −NR, γTγ1
)
(NT − 1)! . (22)
Proof: Please see Appendix B for the proof.
Note that it is straightforwardly shown from (22) that the
achievable diversity order of the system is min (NT , NR).
It is to be emphasized here that in contrary to the tradi-
tional self-powered multiple antenna relaying networks, the
asymptotic outage probability of energy-constrained multiple
antenna relaying networks decays slower owing to the term
Γ
(
NT−NR, γTγ1
)
(NT−1)! in (22) which do not exist in the self-powered
relaying networks5. This indicates that the convergence of
5Notice that in the traditional self-powered relaying networks, the S → R
(γ1) and R → D (γ2) links are independent. However, in WIPT relaying
networks with wirelessly powered relay node, the R→D link solely relies
on the the S → R link where the scavenged energy propagate.
F∞γ (γT ) in WIPT networks is extremely slower when com-
pared to the conventional relaying networks with self power
supply.
Hence, in the case delay limited (DL) mode, the source
transmits symbols at a fixed rate R0 = log2 (1 + γT )
bits/sec/Hz. Hence, the average throughput R may be written
as
RDL = (1− α)
2
(1− Pout (γT )) log2 (1 + γT ) (23)
for the TSR case, and
RDL = 1
2
(1− Pout (γT )) log2 (1 + γT ) (24)
for the PSR case.
B. Ergodic Capacity Analysis
Ergodic capacity is a key performance metric for wireless
communication networks since it provides the maximum at-
tainable rate for cases where the delay is tolerated. Hence, as
opposed to the case when the delay is not tolerated, where the
transmitter sends at a fixed data rate R0 to guarantee the outage
limitation, the transmitter could send symbols at any data rate
which is upper bounded by the ergodic capacity. The ergodic
capacity is expressed as the average value of the instantaneous
mutual information between the transmitter and receiver, and
given by
C =
1
2
E [log2 (1 + γ)] . (25)
Regrettably, an accurate closed-form expression for the
ergodic capacity in (25) is analytically challenging. Therefore,
here, we evaluate the ergodic capacity for the end-to-end SNR
upper-bound as follows
Cup =
1
2
E
[
log2
(
1 +
γ1γ2 ‖h1‖2 ‖h2‖2
γ1 + γ2 ‖h2‖2
)]
. (26)
As long as the assessment of the average in (26) is con-
cerned, notice that direct techniques to evaluate such averages
demands a minimum of (NT +NR)-fold integrals over h1 and
h2. However, a closed-form formula for the ergodic capacity
(26) is a demanding analytical problem owing to the existence
of nonlinear logarithmic function. Therefore, next we propose
an approximate and a tight lower-bound closed-form formulas
for the ergodic capacity of the end-to-end SNR upper-bound
(26).
71) Approximate Expression: In this subsection, a closed-
form approximate ergodic capacity formula is attained by
utilizing the Taylor series expansion of log2 (1 + γ
up) around
the average value of the instantaneous end-to-end SNR upper-
bound E (γup). Therefore, an approximate ergodic capacity
formula may be expressed as (see e.g., [25, Eq. (6)] and [26,
Eq. (26)])
Cup ≈ 1
2 ln 2
ln (1 + E (γup))− E
(
(γup)
2
)
− E (γup)2
2 (1 + E (γup))2
 .
(27)
In order to analyze the approximate ergodic capacity for-
mula in (27), moments of the end-to-end SNR upper-bound
are essential. Therefore, the following proposition presents a
closed-form formula for the moments of the end-to-end SNR
upper-bound.
Proposition 2. A unified closed-form formula for the moments
of the end-to-end SNR upper-bound of multiple correlated an-
tennas at the source and destination which employ MRT/MRC
beamforming/combining, with arbitrary correlation matrices
structure (i.e., Σ and Λ have arbitrary eigenvalues) and
wirelessly powered single antenna relay node, may be derived
as in (28), shown at the top of next page, where Ψ (α, γ; z)
denotes the Tricomi confluent hypergeometric function of the
second kind.
Proof: Please see Appendix C for the proof.
For the special case of exponentially correlated antennas
(i.e., Σ and Λ have distinct eigenvalues), it is easily to prove
that equation (28) simplifies to
E
[
(γup)
k
]
= γ1
k
NT∑
i=1
χi (Σ)α
k
i Γ (k + 1)
NR∑
j=1
χj (Λ)
× Γ (k + 1) Ψ
(
k, 0;
γ1
γ2βj
)
. (29)
While in the simplest case of spatially independent antennas
(i.e.,Σ = INT and Λ = INR ), it is easy to prove that equation
(28) minimizes to
E
[
(γup)
k
]
= γ1
k
Γ (NT + k) Γ (NR + k) Ψ
(
k, 1−NR; γ1γ2
)
Γ (NT ) Γ (NR)
.
(30)
2) Lower-Bound Expression: To derive a closed-form ex-
pression for the ergodic capacity lower-bound in (26), we
exploit the reality that log2 (1 + ν exp (x)) is in fact a convex
function in x for ν > 0. Hence, equation (26) could be tightly
lower-bounded by
Cup ≥ 1
2
log2
(
1 + exp
(
E
{
ln
[
γ2 ‖h1‖2 ‖h2‖2
1 + γ2γ1 ‖h2‖
2
]}))
.
(31)
Proposition 3. A closed-form lower-bound ergodic capacity
formula of the end-to-end SNR upper-bound of multiple cor-
related antennas at the source and destination which employ
MRT/MRC beamforming/combining, with arbitrary correla-
tion matrices structure (i.e., Σ and Λ have arbitrary eigenval-
ues) and wirelessly powered single antenna relay node, may
be derived as in (32), shown at the top of next page, where
E
[
ln
(
‖h1‖2
)]
=
%(Σ)∑
i=1
τi(Σ)∑
j=1
χi, j (Σ)
(
lnα〈i〉 + ψ (j)
)
(33)
and
E
[
ln
(
γ2 ‖h2‖2
)]
=
%(Λ)∑
l=1
τl(Λ)∑
m=1
χl,m (Λ)
(
ln
(
γ2β〈l〉
)
+ ψ (m)
)
(34)
and
E
[
ln
(
1 +
γ2
γ1
‖h2‖2
)]
=
%(Λ)∑
l=1
τl(Λ)∑
m=1
m−1∑
k=0
χlm (Λ)
× e
γ1
γ2β〈l〉 E1+k
(
γ1
γ2β〈l〉
)
(35)
where ψ (·) denotes the digamma (psi) function [27, Eq.
(8.360.1)], and En (·) denotes the exponential integral function
[28, Eq. (5.1.4)].
Proof: Please see Appendix D for the proof.
For the special case of exponentially correlated antennas,
equations (33), (34) and (35) simplifies to
E
[
ln
(
‖h1‖2
)]
=
NT∑
i=1
χi (Σ) (lnαi + ψ (1)) (36)
and
E
[
ln
(
γ2 ‖h2‖2
)]
=
NR∑
j=1
χj (Λ) (ln (γ2βj) + ψ (1)) (37)
and
E
[
ln
(
1 +
γ2
γ1
‖h2‖2
)]
=
NR∑
l=1
χj (Λ) e
γ1
γ2βj E1
(
γ1
γ2βj
)
.
(38)
While in the simplest case of spatially independent antennas,
equations (33), (34), and (35) minimizes to
E
[
ln
(
‖h1‖2
)]
= ψ (NT ) (39)
and
E
[
ln
(
γ2 ‖h2‖2
)]
= ln γ2 + ψ (NR) (40)
and
E
[
ln
(
1 +
γ2
γ1
‖h2‖2
)]
=
NR−1∑
k=0
e
γ1
γ2 E1+k
(
γ1
γ2
)
. (41)
In the delay-tolerant (DT) transmission mode, the source
sends its information at any rate that upper bounded by the
ergodic capacity. Therefore, the average throughput R in this
case is written as
RDT = (1− α)C (42)
8E
[
(γup)
k
]
= γ1
k
%(Σ)∑
i=1
τi(Σ)∑
j=1
χi, j (Σ)
Γ (j)
αk〈i〉Γ (k + j)
%(Λ)∑
l=1
τl(Λ)∑
m=1
χl,m (Λ)
Γ (m)
Γ (k +m) Ψ
(
k, 1−m; γ1
γ2β〈l〉
)
(28)
Cup ≥ 1
2
log2
(
1 + exp
(
E
[
ln
(
‖h1‖2
)]
+ E
[
ln
(
γ2 ‖h2‖2
)]
− E
[
ln
(
1 +
γ2
γ1
‖h2‖2
)]))
(32)
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0
0.5
1
1.5
2
2.5
α
Th
ro
ug
hp
ut
 (b
its
/se
c/H
z)
 
 
Theory: DT−Approximate
Theory: DT−Lower−Bound
Theory: DL−Exact
Simulation: Upper−Bound SNR
Simulation: Exact SNR
ρ = 0
ρ = 0.9
ρ = 0
ρ = 0.9
Figure 2: The throughput of DT and DL modes for TSR verses
the power scavenging ratio α, with (NT , NR) = (4, 4), where
high exponential and no spatial correlations are considered,
with ρs = 15 dB.
for the TSR case, and
RDT = C (43)
for the PSR case.
The optimum scavenging (splitting) ratio w? of the TSR or
PSR w ∈ {α, β} for the delay-constrained and delay-tolerant
transmission modes z ∈ {DL, DT} can be easily analyzed by
finding the solution of the following optimization problem
w? = arg max
w
Rz (in Eq. (23 or 24 or 42 or 43))
subject to 0 < w < 1
. (44)
VI. NUMERICAL RESULTS
This section analyzes and validates the considered analytical
formulas via simulations. Further, the effect of crucial system
variables on the performance are presented. It is assumed that
the source transmits at a rate which is set to R0 = 3 bits/sec/Hz
in the DL transmission mode. Hence, the pre-determined SNR
threshold is defined by γT = 2R0−1 = 7. In addition, without
any lack of generality, the energy conversion efficiency is set as
η = 1, path loss exponent is chosen to be τ = 2, while the dis-
tances d1 and d2 are normalized to unity for clarity, except for
Figs. 9, 11, and 12 where the effect of distance and statistical
CSI on the system throughput is analyzed. Meanwhile, here,
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Figure 3: The throughput of DT and DL mode for PSR verses
the power scavenging ratio β, with (NT , NR) = (4, 4), where
high exponential and no spatial correlations are considered,
with ρs = 15 dB.
two widely known spatial correlation settings are examined;
the exponential correlation case where Υ (i, j) = ρ|i−j|, and
the uniform correlation case where Υ (i, j) =
{
1 i = j
ρ i 6= j ,
with ρ ∈ [0, 1) denotes the spatial correlation coefficient and
Υ = {Σ, Λ}. Notice here that as the given correlation matrix
Υ is positive semi-definite and its eigen-values are always
non-negative, the Cholesky decomposition method is utilized
to convert a group of uncorrelated Gaussian random vector
to a correlated random vector of a pre-determined correlation
matrix6.
Figs. 2-3 presents the performance of DT and DL transmis-
sion modes verses the power scavenging ratio w for the TSR
and PSR, respectively, where the transmitter mean SNR ρs is
set to be 15 dB and the values of the transmit and receive
antennas, respectively, are chosen to be (NT , NR) = (4, 4).
Simulations for the performance of the exact end-to-end SNR
6The Cholesky decomposition of the pre-determined correlation matrix Υ
could be easily written as: Υ = UΨU† =
(
U
√
Ψ
)(
U
√
Ψ
)†
, where U is
a unitary eigenvector matrix and Ψ is a diagonal matrix with diagonal entries
represent the eigenvalues of Υ. Hence, a spatially correlated antennas with
random vector y is produced by letting y = Lx, where x is a vector of
independent random variables distributed according to x ∼ CN (0, I) and
L = U
√
Ψ. Therefore, y ∼ CN (0, LL†), note that Υ = LL†.
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Figure 4: The throughput of DT and DL modes for the TSR
with optimum power scavenging ratio α? verses the S → R
mean SNR ρs, when high exponential and no correlations are
considered, with (4, 4), and R0 = 3 bits/sec/Hz.
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Figure 5: The throughput of DT and DL modes for the
PSR with optimum power scavenging ratio β? verses the
S → R mean SNR ρs, where high exponential and no
spatial correlations are considered, with (4, 4), and R0 = 3
bits/sec/Hz.
(5) for the TSR and (10) for the PSR along with the per-
formance of the proposed end-to-end SNR upper-bound (13)
are utilized to verify the proposed closed-form mathematical
formulas (18), (27) and (32), via the throughput of the DL and
DT modes (23) and (42) for the time switching case, and (24)
and (43) for the power splitting case. It is clearly observed that
the presented analytical formulas give an accurate tightness
when compared to simulations which validates the precision
of the derived mathematical formulas, and they get accurate
at high SNR and/or high (NT , NR). Moreover, owing to the
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Figure 6: The throughput of DT mode for PSR with optimum
power scavenging ratio β? verses the S → R mean SNR
ρs, where high exponential and no spatial correlations are
considered, with (NT , NR).
analytical complexity of the optimaization problem (44), the
optimal energy harvesting (splitting) ratio w? is numerically
attained. It is shown in Figs. 2-3 that the performance improves
as the ratio w increases until an optimal value is achieved
then it begins to deteriorate again. This is easily explained
by the trade-off between information transmission and energy
harvesting ratios; increasing the harvesting (splitting) ratio
enhances the relay transmit power, however, this effects in a
decreased end-to-end performance as less ratio remains for
sending information. Furthermore, the detrimental effect of
spatial antenna correlation on the overall throughput is easily
observed in Figs. 2-3.
Figs. 4-5 show the performance of DT and DL modes
with optimum power scavenging ratio w? verses the S → R
mean SNR ρs for the time switching and power splitting
cases, respectively. The tightness of the presented closed-
form analytical formulas are easily noticed when compared
to the simulation results. It is observed that the performance
of DL mode is upper bounded by half of the transmission
rate R0 = 3 bits/sec/Hz, while the performance of DT mode
increases without bound with the the S → R mean SNR.
The performance deterioration in the DL and DT throughput
resulting from antenna correlation is easily noticed. It is to be
highlighted that the approximate ergodic capacity formula for
the end-to-end SNR upper-bound in the case of independent
antennas present a tighter results in contrast to that of the
lower-bound formula over the whole SNR values of interest.
However, the lower-bound ergodic capacity formula supply
tighter results in the case of highly correlated antennas.
Fig. 6 contrasts the performance of the DT mode for the
power splitting case. The effect of several (NT , NR) along
with high correlation are presented here. It is easily seen that
high (NT , NR) yields a considerable improvement into the
throughput as the source implements energy beamforming,
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Figure 7: The throughput of DT mode for PSR and TSR
with optimum power scavenging ratio β? and α? verses the
S → R mean SNR ρs, where high exponential and no spatial
correlations are considered, with (NT , NR).
0 5 10 15 20 25 30
0
0.5
1
1.5
ρ
s
 (dB)
Th
ro
ug
hp
ut
 (b
its
/se
c/H
z)
 
 
Theory: PSR with ρ=0
Theory: TSR with ρ=0
Theory: PSR with ρ=0.9
Theory: TSR with ρ=0.9
(4, 4)
(2, 2)
Figure 8: The throughput of DL mode for PSR and TSR
with optimum power scavenging ratio β? and α? verses the
S → R mean SNR ρs, where high exponential and no spatial
correlations are considered, with (NT , NR) and R0 = 3
bits/sec/Hz.
while high antenna correlation clearly deteriorates the system
performance.
Fig. 7 contrasts the performance of the DT mode for the
time switching and power splitting cases, where the approx-
imated ergodic capacity formula (27) is utilized to analyze
the DT mode throughput (42) and (43) for the time switching
and power splitting, respectively. It is obviously observed in
Fig. 7 that the DT performance of the power splitting case
is better than that of the time switching case, while the gap
grows with SNR and/or (NT , NR) increases. Notice that the
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Figure 9: The throughput of DT mode for PSR and TSR with
optimum power scavenging ratio, where high exponential and
no spatial correlations are considered verses the distance d1,
with d2 = 8−d1, with (NT , NR), τ = 2, η = 0.8 and ρs = 15
dB.
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Figure 10: The throughput of DT mode for PSR with optimum
power scavenging ratio β? for exponentially and uniformly
correlated antennas verses the correlation coefficient ρ, where
exponential and uniform spatial correlations are considered,
with (4, 4) and ρs = 15 dB.
DT throughput of time switching case is moderately greater
than the power splitting case at low SNR and NT . The positive
and negative effect of high (NT , NR) and antenna correlation
coefficient, respectively, are easily seen in Fig. 7.
Fig. 8 contrasts the throughput of the DL mode for the time
switching and power splitting cases, where the derived outage
probability bound formula (18) is employed to assess the DL
mode performance (23) and (24) for the time switching and
power splitting, respectively. It is seen that the DL throughput
11
0 5 10 15 20 25 30 35 40
s
 (dB)
-0.5
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
Th
ro
ug
hp
ut
 (b
its
/se
c/H
z)
PSR: Perfect CSI
PSR: Statistical CSI
TSR: Perfect CSI
TSR: Statistical CSI
Figure 11: The throughput of DT mode for PSR and TSR
with optimum power scavenging ratio β? and α? verses the
S → R average SNR ρs, for perfect CSI and statistical CSI,
with NT = NR = 2, d1 = d1 = 2, , τ = 2, η = 0.8,
exponential correlations of ρ = 0.3, and R0 = 3 bits/sec/Hz.
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Figure 12: The throughput of DL mode for PSR and TSR
with optimum power scavenging ratio β? and α? verses the
S → R average SNR ρs, for perfect CSI and statistical CSI,
with NT = NR = 2, d1 = d1 = 2, , τ = 2, η = 0.8,
exponential correlations of ρ = 0.3, and R0 = 3 bits/sec/Hz.
for the power splitting case surpasses the time switching
case at high SNR, while at low SNR, the time switching
case outperforms the power splitting case. Moreover, the DL
throughput deterioration due to antenna correlation is easily
observed at high SNR. However, at low SNR, an enhancement
in the DL throughput resulting from antenna correlation is
noticed. Meanwhile, an enhancement in the throughput is
observed because of the utilization of multiple transmit and
receive antennas.
Fig. 9 shows the effect of distance on the performance of the
system, more specifically, the impact of relay position between
the transmitter and receiver, while the distance between the
source and destination is chosen here to be d1 + d2 = 8. In
contrast to the traditional dual-hop relaying networks where
the relay node is located between the source and destination,
the optimal position of the relay in WIPT relaying networks
is as close to the source as possible owing to the fact that the
relay scavenged energy extremely degrades by path loss and
fading. It is illustrated that increasing the number of antennas
could assist in combating the severe effects of fading and path
loss.
Fig. 10 illustrates the DT transmission mode throughput
deterioration with the spatial fading correlation coefficient
ρ, for exponentially and uniformly correlated antennas. It is
noticed that a higher throughput degradation is observed with
the uniform (constant) correlation setting in contrast to the
exponential correlation one. On the other hand, the lower-
bound ergodic capacity formula (32) is shown to be tighter
than the approximate ergodic capacity formula (27) in the
settings of high correlation coefficient.
Figs. 11 and 12 show the impact of the perfect CSI and
statistical CSI on the DT and DL throughput performance of
the system, respectively. As expected, the case of perfect CSI
outperforms that of statistical CSI. It is also seen that DL trans-
mission mode throughput deterioration due to statistical CSI
is higher than that of the DT transmission mode throughput.
VII. CONCLUSIONS
This paper investigated the performance of MRT (MRC)
beamforming (combining) of multiple correlated antennas at
the transmitter and the receiver, with arbitrarily correlated
matrices structure and wirelessly powered relay node with
one antenna, for both the delay-constrained and delay-tolerant
modes. The cases of time switching and power splitting
protocols are presented, then their throughputs are contrasted.
Unified closed-form mathematical formulas for the ergodic
capacity and outage probability are attained via the proposed
end-to-end SNR bound. It is noticed that the performance of
delay-limited mode is upper bounded by half of the fixed trans-
mission rate, while the throughput of delay-tolerant transmis-
sion mode increases with the first-hop average SNR without a
bound. Meanwhile, a considerable improvement in the optimal
throughput is observed as a result of increasing antennas
as the transmitter. Moreover, for a pre-defined throughput
target, multiple antenna energy beamforming allows longer-
distance wireless power transfer. However, a performance
deterioration is noticed because of the existence of antenna
correlation. Furthermore, It is seen that the throughput of
power-splitting receiver outperforms that of time-switching
receiver at high SNR. However, at low SNR, time-switching
receiver outperforms the power-splitting receiver.
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APPENDIX A
PROOF OF PROPOSITION 1
From (17), with the aid of the CDF of ‖h1‖2 in (14) and
the PDF of ‖h2‖2 in (15), we get to
Pr
(
γ1γ2 ‖h1‖2 ‖h2‖2
γ2 ‖h2‖2 + γ1
< γT
)
=
∞ˆ
0
F‖h1‖2
(
γT (γ2w + γ1)
γ1γ2w
)
f‖h2‖2 (w) dw
= 1−
%(Σ)∑
i=1
τi(Σ)∑
j=1
j−1∑
k=0
χi, j (Σ)
k!
%(Λ)∑
l=1
τl(Λ)∑
m=1
χl,m (Λ)
βm〈l〉Γ (m)
(
γT
α〈i〉γ1γ2
)k
×
∞ˆ
0
(γ2w + γ1)
k
e
− γT (γ2w+γ1)α〈i〉γ1γ2w wm−k−1e
− wβ〈l〉 dw. (45)
Now, once utilizing the binomial expansion (γ2w + γ1)
k
=∑k
n=0
(
k
n
)
(γ2w)
k−n
γ1
n, equation (45) simplifies to
Fγup (γT ) = 1−
%(Σ)∑
i=1
τi(Σ)∑
j=1
j−1∑
k=0
χi, j (Σ)
k!
e
− γTα〈i〉γ1
×
%(Λ)∑
l=1
τl(Λ)∑
m=1
χl,m (Λ)
βm〈l〉Γ (m)
(
γT
α〈i〉γ1
)k k∑
n=0
(
k
n
)(
γ1
γ2
)n
×
∞ˆ
0
e
− γTα〈i〉γ2w−
w
β〈l〉 wm−n−1dw
︸ ︷︷ ︸
I1
. (46)
The integral I1 is solved by employing [27, Eq. (3.471.9)],
producing (18), this concludes the proof.
APPENDIX B
PROOF OF EQUATION (22)
From (21), we have
Fγup (γT ) = Pr (min (γ1, γ2) < γT )
= Pr
(
min
(
γ1 ‖h1‖2 , γ2 ‖h1‖2 ‖h2‖2
)
< γT
)
=
∞ˆ
0
Pr
(
min
(
γ1, γ2 ‖h2‖2
)
<
γT
w
)
f‖h1‖2 (w) dw
=
∞ˆ
0
(
1− Pr
(
γ1 >
γT
w
)
Pr
(
γ2 ‖h2‖2 > γT
w
))
× f‖h1‖2 (w) dw. (47)
The asymptotic solution may be simply attained once in-
voking the asymptotic expansion of the incomplete gamma
function [27, Eq. (8.354.2)]. Hence, in the high SNR regime
where γ2 = κγ1 and γ1 →∞, we have
F∞γ (γT ) == 1−
∞ˆ
γT
γ1
1−
(
γT
wγ2
)NR−M
Γ (NR −M + 1)

× w
NT−1
(NT − 1)!e
−wdw. (48)
The integral is invoked by utilizing [27, Eq. (8.350.2)],
producing (22), this concludes the proof.
APPENDIX C
PROOF OF PROPOSITION 2
From (13), we have
E
[
(γup)
k
]
= E
(γ1γ2 ‖h1‖2 ‖h2‖2
γ1 + γ2 ‖h2‖2
)k
= E
[(
γ1 ‖h1‖2
)k]
E
( γ2 ‖h2‖2
γ1 + γ2 ‖h2‖2
)k . (49)
Where due to the independence between the random vari-
ables ‖h1‖2 and ‖h2‖2, the moments of the end-to-end SNR
upper-bound may be expanded to (49).
To this end, the expected values in (49) could simply be
calculated after substituting the PDF of ‖h1‖2 and ‖h2‖2 as
in (15), and the integrands are solved by the help of [28, Eq.
(6.1.1)] and [27, Eq. (9.211.4)], respectively, as follows
E
[(
γ1 ‖h1‖2
)k]
= γ1
k
%(Σ)∑
i=1
τi(Σ)∑
j=1
χi, j (Σ)
αj〈i〉Γ (j)
×
∞ˆ
0
xk+j−1e
− xα〈i〉 dx
= γ1
k
%(Σ)∑
i=1
τi(Σ)∑
j=1
χi, j (Σ)
Γ (j)
αk〈i〉Γ (k + j) (50)
and
E
( γ2 ‖h2‖2
γ1 + γ2 ‖h2‖2
)k = γ2k %(Λ)∑
l=1
τl(Λ)∑
m=1
χl,m (Λ)
βm〈l〉Γ (m)
×
∞ˆ
0
(
1
γ1 + γ2x
)k
xk+m−1e
− xβ〈l〉 dx
=
%(Λ)∑
l=1
τl(Λ)∑
m=1
χl,m (Λ)
Γ (m)
Γ (k +m) Ψ
(
k, 1−m; γ1
γ2β〈l〉
)
.
(51)
Hence, once we utilize (50) and (51) into (49), we arrive at
(28), this concludes the proof.
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APPENDIX D
PROOF OF PROPOSITION 3
The expected values in (33) and (34) could simply be solved
by using [27, Eq. (4.352.1)], respectively, as follows
E
[
ln
(
‖h1‖2
)]
=
%(Σ)∑
i=1
τi(Σ)∑
j=1
χi, j (Σ)
αj〈i〉Γ (j)
∞ˆ
0
xj−1 lnx e
− xα〈i〉 dx
=
%(Σ)∑
i=1
τi(Σ)∑
j=1
χi, j (Σ)
(
lnα〈i〉 + ψ (j)
)
(52)
and
E
[
ln
(
γ2 ‖h2‖2
)]
=
%(Λ)∑
l=1
τl(Λ)∑
m=1
χl,m (Λ)
βm〈l〉Γ (m)
×
∞ˆ
0
xm−1 ln (γ2x) e
− xβ〈l〉 dx
=
%(Λ)∑
l=1
τl(Λ)∑
m=1
χl,m (Λ)
(
ln
(
γ2β〈l〉
)
+ ψ (m)
)
. (53)
Meanwhile, (35) is analyzed with the aid of [29, Eq. (6)];
for any x ≥ 0, then
E [ln (1 + x)] =
∞ˆ
0
1
z
(1−Mx (z)) e−zdz (54)
where Mx (z) = E [e−zx] is the moment generating function
(MGF) of the random variable x. By letting x = γ2γ1 ‖h2‖
2 in
(54), the MGF Mx (z) can be easily written as [29, Eq. (5)]
Mx (z) = 1∣∣∣INR + z γ2γ1Λ∣∣∣ . (55)
To avoid the singularity problem caused by the kernel
function e
−z
z around zero and get a closed-form solution to
(54), it is more convenient to use an alternative form for the
MGF Mx (z) expression given in (55). Hence, with the help
of the CDF of ‖h2‖2 in the case of arbitrary spatial correlation
[23], [24], Mx (z) can alternatively be derived as
Mx (z) = z
∞ˆ
0
e−z
γ2
γ1
‖h2‖2F‖h2‖2 (γ) dγ
= 1− z γ2
γ1
%(Λ)∑
l=1
τl(Λ)∑
m=1
m−1∑
n=0
χlm (Λ)β〈l〉(
1 + z γ2γ1 β〈l〉
)n+1 . (56)
Hence, once utilizing the MGF (56) into (54), we get
E
[
ln
(
1 +
γ2
γ1
‖h2‖2
)]
=
γ2
γ1
%(Λ)∑
l=1
τl(Λ)∑
m=1
m−1∑
n=0
χlm (Λ)β〈l〉
×
∞ˆ
0
(
1
1 + z γ2γ1 β〈l〉
)n+1
e−zdz
=
%(Λ)∑
l=1
τl(Λ)∑
m=1
m−1∑
k=0
χlm (Λ) Ψ
(
1, 1− n; γ1
γ2β〈l〉
)
(57)
The integral in (57) may be evaluated using [27, Eq.
(9.211.4)]. Utilizing the fact Ψ
(
1, 1− n; γ1γ2β〈l〉
)
=
e
γ1
γ2β〈l〉 E1+k
(
γ1
γ2β〈l〉
)
in (57), by comparison between [28, Eq.
(5.1.4)] and [27, Eq. (9.211.4)], we arrive at (35), that finishes
the proof.
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